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The gyrotron backward traveling wave amplifier ~gyro-BTWA! is introduced and characterized by
a linear theory in this study. The gain mechanism, instead of a convective instability, is due to the
interference among three backward waves. As a result, a high gain, tunable amplifier can be realized
with a short interaction length for lower beam voltage and current. The theoretical results show that
a gain of 25 dB at 39.47 GHz can be achieved with an interaction length of 4 cm for a 10-kV,
0.554-A electron beam. These features could make this device as a promising coherent radiation
source in the microwave and millimeter wave regimes. © 1997 American Institute of Physics.
@S1070-664X~97!02311-2#I. INTRODUCTION
The gyrotron is based on the electron cyclotron maser
instability1 and has successfully become a source of coherent
radiation for the microwave and millimeter wave regimes.
Two types of amplifiers have been developed for the gyro-
tron mechanism, i.e., the gyrotron traveling wave amplifier
~gyro-TWT!2–6 and the gyro-klystron.7–9 The gyro-klystron
is intrinsically a narrow bandwidth device. On the other
hand, the gyro-TWT has experimentally demonstrated a
bandwidth in excess of 20%.3 In both devices, the central
frequency of the amplification bandwidth is basically fixed.
In contrast, the backward wave oscillation in the gyrotron
~gyro-BWO! has been theoretically10–13 and experi-
mentally14–16 proven to be tunable. Its oscillation frequency
can be continuously changed by adjusting the beam voltage
or magnetic field. In this article, the backward traveling wave
interaction in a gyrotron is explored to realize an amplifier
with a continuously tunable center frequency.
Figure 1 illustrates a schematic of the gyrotron backward
traveling wave amplifier ~gyro-BTWA!. A signal is injected
into the interaction waveguide from the downstream end and
propagates backward to interact with an electron beam trav-
eling forward. An external magnetic field is applied along
the z direction to guide the electron beam. The gyrotron in-
teraction can be described17 by the coupling between a beam
mode (v2kzvz2sVc0 /g50) and a waveguide mode
(v2/c22kz22kmn2 50), where v is the angular frequency of
the wave; Vc05eB0 /mc is the electron cyclotron frequency;
g is the electron Lorentz factor; kz and vz are the propagation
constant of the wave and the drift velocity of the electrons,
and kmn is the wave number defined by the cutoff frequency
of the waveguide. By adjusting the magnetic field, the beam
mode can intersect the waveguide mode at two points as
shown in Fig. 2. The intersection point with kz,0 corre-
sponds to the operating condition of the backward wave in-
teraction. As illustrated in Ref. 12, solutions of the disper-
sion relation show that kz of complex conjugate continuously
exists between the two intersection points. It would be in-
ferred to a wide unstable spectrum for the backward wave
interaction. However, the amplification of the wave in a gy-
rotron interaction requires that v2kzvz2sVc0 /g.0. Con-
sequently, the growth of the wave only occurs near the in-4140 Phys. Plasmas 4 (11), November 1997 1070-664X/9
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narrow. Nevertheless, the central frequency of the band can
be continuously tuned by adjusting the magnetic field or
beam voltage.
To ensure the stability of the amplifier, the gyro-BTWA
must be operated below the threshold of the gyro-BWO. It is
intuitive to infer the gain mechanism of the gyro-BTWA to
be a convective instability from a complex kz with a negative
real part obtained by solving the dispersion relation. Never-
theless, as illustrated in the conventional linear beam travel-
ing wave tube, amplification can occur due to the beating of
three waves excited in the microwave structure.18 The
Crestatron operates by this mechanism. It has been experi-
mentally confirmed that the optimum interaction length of
the Crestatron is quite short and its efficiency is high as well.
Similarly, it is possible to use the interaction mechanism of
the gyro-BWO for amplifying an input wave. With operating
parameters below the starting oscillation conditions of the
gyro-BWO, an input backward wave will be coupled into a
backward growing wave, a backward decaying wave and a
backward constant amplitude wave.12 Furthermore, the inter-
ference among those three waves can result in amplification
of the input wave, This issue is studied in this paper. As will
be shown below, the gyro-BTWA is actually based on a
beating wave interactions, instead of a convective instability.
Theoretical analysis shows that it can become a tunable high
gain amplifier with a short interaction length, and relatively
low beam voltage and current.
II. THEORETICAL MODEL
The linear behavior of the steady state of the gyro-
BTWA can be analyzed by the theory we developed in Ref.
10 with minor modifications. A circularly polarized TEmn
waveguide mode is considered, which is injected into the
waveguide from the downstream to interact with the electron
beam as shown in Fig. 1. The spatial evolution of the wave
amplitude along the waveguide can be determined as fol-
lows:
F~z !5(
i
FF~0 !N~kzi!1F8~0 !jD8~kzi! Gexp~2 jkziz !, ~1!
where kzi is the ith root of the dispersion relation10,15 which
is expressed as7/4(11)/4140/4/$10.00 © 1997 American Institute of Physics
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~3!The definitions of Hsm(x ,y), Tsm(x ,y), and Usm(x ,y) are
given as follows:
Hsm~x ,y !5Js2m
2 ~x !Js8
2~y !,
Tsm~x ,y !52Hsm~x ,y !1yJs8~y !H 2Js8~y !2Js~y !
3F1
x
Js2m~x !Js2m8 ~x !1Js2m8
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Usm~x ,y !52
1
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In the above, f 0 is the equilibrium distribution function of an
electron beam, kz is the complex axial wave number, k
5v/c , Cmm
2 5@Jm
2 (xmn)(12m2/xmn2 )#21, xmn is the nth root
of the Bessel function Jm8 (x), rv is the waveguide radius,
kmn5xmn /rv , rL is the electron Larmor radius, rc is the
guiding center radius, Vco5eB0 /mc is the electron cyclo-
tron frequency, and s is the cyclotron harmonic number. Ad-
ditionally, F(0) and F8(0) are the amplitudes of the wave
and its first derivative at z50.
The power flow in the waveguide can be calculated by
integrating the Poynting vector over the waveguide cross
section, which yields
Pw5ReH E dA c8p ~E3B*!J
5
c2
8p
1
vkmn
2 Re$F~z ! jF8~z !*%. ~5!
FIG. 1. Schematic diagram of a gyro-BTWA.Phys. Plasmas, Vol. 4, No. 11, November 1997
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then be expressed by
G~z !5
Pw~z !
Pw~L !
5
Im$F~z !F8~z !*%
Im$F~L !F8~L !*%
. ~6!
In solving Eq. ~1!, F(0) is assumed to be unity and
F8(0) is set to satisfy a backward traveling wave condition,
i.e., F8(0)5 jkz0F(0), where kz05@(v/c)22kmn2 #1/2. The
required input power Pw(L) and the associated gain can be
determined by Eqs. ~5! and ~6!, respectively.
III. RESULTS AND DISCUSSION
To illustrate the properties of the gyro-BTWA, the fol-
lowing parameters have been used: beam voltage Vb
510 kV, a(n' /nz)515, interaction length L54.0 cm,
waveguide radius rw50.2654 cm, rc /rw50.35. Note that a
relatively short interaction length has been employed as used
in the Crestatron. We consider a TE11 waveguide mode in-
teracting with an electron beam at the first cyclotron har-
monic. For the first case, the magnetic field is chosen as B
51.25Bg , where the grazing magnetic field Bg is the value
at which the beam mode is tangent to the waveguide mode.17
Under this operating magnetic field, the backward wave os-
cillation can also be excited if the operating current is suffi-
ciently large such that an infinite gain situation takes
place.11,12 Specifically, the power flow at z5L becomes zero
at the starting oscillation condition. For our operating param-
eters, this threshold current is 0.637 A. Therefore, the beam
current must be limited by this value to prevent the amplifi-
cation of the wave from being degraded by self-excited
oscillations.12 Calculations with different values of the beam
current are carried out throughout the frequency space to
explore the effective bandwidth of the amplification. As ex-
pected, absorption of the input signals occurs as their fre-
quencies are below that of the intersection point between the
beam mode and the waveguide mode. These negative gain
interactions are consistent with the arguments mentioned
above. However, It is found that a gain of 25 dB can be
achieved at 39.47 GHz with a beam current equal to 0.554 A,
which is 86% of the starting oscillation current.
Figure 3 shows the evolution of the wave at 39.47 GHz
along the waveguide. Evidently, the convective instability is
not the cause of the gain because an exponential growth re-
gion does not appear in this figure. Moreover, the power
profile is similar to that of the gyro-BWO. The maximum4141C. S. Kou
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Downpower does not occur at the output end. However, this fact
can not be interpreted as the occurrence of saturation and is
simply a result of the interference. Figure 4 clearly provides
physical insight into this wave amplification mechanism. In
this figure, three backward waves corresponding to the three
roots of the dispersion relation @Eq. ~3!# are plotted, respec-
tively, to show their evolution inside the waveguide. Results
show that the input signal at z54 cm actually couples into
three backward waves, i.e., a backward growing wave, a
backward decaying wave, and a backward constant ampli-
tude wave. Due to the interference among the three waves,
the required input power to produce a large amplitude output
wave is small. It has to be pointed out that the spatial growth
rate of the growing wave is 3.8 dB/cm as solved by the
dispersion relation. Thus the total gain of a backward travel-
ing wave with 4-cm interaction length is only 15.2 dB which
must further be reduced by the launching loss.19 Therefore,
the gain caused by the convective instability is much less
FIG. 2. The waveguide mode and the beam mode for a gyro-BTWA.
FIG. 3. The spatial growth of the gain of a 39.47-GHz wave in a TE11 mode
gyro-BTWA. Vb510 kV, Ib50.554 A, B51.25 Bg, a51.5, rw
50.2654 cm.4142 Phys. Plasmas, Vol. 4, No. 11, November 1997
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described above.
The bandwidth of this operating point is depicted in Fig.
5, indicating that the 3-dB bandwidth is 431024. Appar-
ently, the bandwidth of the gyro-BTWA is intrinsically lim-
ited by typical the beam mode intersection with the wave-
guide mode. Nevertheless, a comparison of the cases of the
gyro-klystron reveals that this bandwidth is comparable to
those in Ref. 20 (1.731024) and Ref. 21 (1031024). As
used in Ref. 4 for a gyro-TWT, a tapered wall waveguide
might be effective to widen the bandwidth of the gyro-
BTWA.
Figure 6 shows the magnetic field tuning capability of
the gyro-BTWA. The associated central frequency is also
plotted which can be continuously tuned by adjusting the
magnetic field. The beam current corresponding to a 25-dB
gain at each operating magnetic field is also depicted. Mean-
while, the threshold currents for self-excited oscillations are
FIG. 4. The real part of the field profiles of the three waves: ~1! constant
amplitude backward wave; ~2! decaying backward wave; and ~3! growing
backward wave. The system parameters are the same as in Fig. 3.
FIG. 5. The gain versus frequency for a TE11 mode gyro-BWA. The system
parameters are the same as in Fig. 3 and f 0539.47 GHz.C. S. Kou
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Downcalculated and plotted as well. Those results indicate that for
B/Bg.1.2, it is ;15% higher than the beam current for
25-dB amplification.
IV. SUMMARY
In summary, we have introduced and presented charac-
teristics of the gyro-BTWA. The results show that the gyro-
BTWA is based on the beating-wave phenomenon. Theoret-
ical results show that a Ka band amplifier with 25-dB gain
can be realized with an interaction length of 4 cm for a
10-kV, 0.554-A electron beam. Those merits of short inter-
action length, low beam power along with its tunability sug-
gest the gyro-BTWA is an attractive amplifier of coherent
radiation in the microwave and the millimeter wavelength.
FIG. 6. ~1! The central frequency; ~2! operating beam current for a 25-dB
gain; and ~3! starting oscillation current as functions of the magnetic field.
Other system parameters are the same as in Fig. 3.Phys. Plasmas, Vol. 4, No. 11, November 1997
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